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What is a battery?
• A battery or “galvanic cell” converts chemical energy to 

electrochemical energy using at least one of reactant 
stored in a cell.

• A fuel cell converts chemical energy to electrochemical 
energy using reactants stored externally.

• A capacitor stores and releases electrical energy using 
double-layer charge separation or a pseudo-capacitive 
effect such as surface adsorption, reaction or bulk 
intercalation.

Volta’s pile

Ag/Zn (1800)

March 1800, "... In this manner I continue coupling a plate of silver with one 

of zinc, and always in the same order, that is to say, the silver below and the 

zinc above it, or vice versa, according as I have begun, and interpose 

between each of those couples a moistened disk. ".
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http://en.wikipedia.org/wiki/Image:Alex_volta.jpg


Terminology
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Battery consists of one or more 

cells

Cell consists of a pair of 

electrodes and an ion conductor

Electrode consists of active 

material, current collector, and 

tab

Positive electrode is called 

“cathode”

Negative electrode is called 

“anode” 

Package, separator, insulators, 

etc.
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In 1866, Georges Leclanché invented a 

battery that consisted of a zinc anode and 

a manganese dioxide cathode wrapped in a 

porous material, dipped in a jar of ammonium 

chloride solution. The manganese dioxide cathode 

had a little carbon mixed into it as well, which 

improved conductivity and absorption.[7] It 

provided a voltage of 1.4 volts.[8] This cell 

achieved very quick success in telegraphy, 
signaling and electric bell work.

https://en.wikipedia.org/wiki/History_of_the_battery

Leclanché Cell – primary cell

The use of porous electrode provides power and energy.
http://www.telephonecollecting.org/leclanche.html
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Alkaline Chemistry
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Zincate can migrate into separator and precipitate.

Invented in 1959 by Lew Urry 
(1927-2004)  at Union Carbide.

Dry cell invented in 1866 by G. 
Leclanché (1839-1882).
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In 1880, Faure patented a method of coating lead plates with a paste of lead oxides, 

sulphuric acid and water, which was then cured by being gently warmed in a humid 

atmosphere. The curing process caused the paste to change to a mixture of lead 

sulphates which adhered to the lead plate. During charging the cured paste was 

converted into electrochemically active material (the "active mass") and gave a 

substantial increase in capacity compared with Planté's battery.[5] This was a significant 

breakthrough that led to the industrial manufacture of lead-acid batteries, as now used 

for starting motor cars.

https://en.wikipedia.org/wiki/Camille_Alphonse_Faure

In 1859, Gaston Planté invented the lead–acid battery, the first-ever battery that 

could be recharged by passing a reverse current through it. A lead acid cell 

consists of a lead anode and a lead dioxide cathode immersed in sulphuric acid. 

Planté's first model consisted of two lead sheets separated by rubber strips and 

rolled into a spiral.[6] His batteries were first used to power the lights in train 

carriages while stopped at a station.

https://en.wikipedia.org/wiki/History_of_the_battery

Lead-Acid Battery

US 309939 A

7
The porous electrode is one of the most important innovations in battery technology.
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Lead-Acid Batteries
• 1859, invented by Gaston Planté
• Key characteristics

• low-cost
• must be stored at full state of charge
• best for shallow discharge cycles
• poor high-rate charge acceptance
• good low-temperature performance
• high voltage (~2 V)
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Major innovation: Gas recombination (1947)
• Flooded
• Valve Regulated Lead Acid (VRLA) or SLA
Major application: car battery for Starting 
Lighting Ignition (SLI)

http://www.lead-battery-recycling.com/the-history-of-battery.html



Intercalation Battery
Positive “hotel”Negative “hotel”

Stable structures
Long calendar life

Gentle, reversible process 
 Long cycle life

TiS2 – Whittingham (1975)
LiCoO2 – Goodenough (1980)
LiMn2O4 – Thackeray/Goodenough (1983)
LiFePO4 – Goodenough (1999)
LiNiMnCoO2 – Thackeray (2001)

Li4Ti5O12 – Murphy (1983)
Carbons – Yoshino (1986)

Metal hydrides – (1967?) NiOOH/Ni(OH)2 – Jungner (1899) 
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The lithium-ion intercalation battery is 
becoming the dominant battery 
technology.



Li-Ion Batteries
• Invented in 1985 by Akira Yoshino (Asahi Kasei Corp.)
• Commercially introduced in 1991 (Sony)
• Key advantages

• Long cycle life
• Good calendar life
• Good Wh/kg, Wh/liter
• High discharge rate
• High voltage ~3.7 average
• Low self discharge
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http://www.mst.or.jp/prize/english/winners/material/material2011_en.html

http://www.nae.edu/Projects/Awards/DraperPrize/DraperWinners.aspx
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Robotics
Grid storage
Electric vehicles
Industrial (forklifts, etc.)
Tablets
Cellphones
Laptops
Camcorders

Downsides are safety (flammability of organic electrolyte, overcharge and internal 
short circuit) and cost.

http://www.mst.or.jp/prize/english/winners/material/material2011_en.html


Global Battery Market

Source: SNE Research
“Global LiB Market Outlook” 27Mar2013

Li-Ion + Pb-acid + primary MnO2/Zn 
are 91% (=46+16+19+10) of 
battery market.
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Worldwide Rechargeable Battery Market 
1990-2016 5% average growth per year

Pb-acid is largest market ($) for rechargeable batteries
Lithium-ion is fastest growing chemistry.
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https://upload.wikimedia.org/wikipedia/commons/0/09/Elemental_abundances.svg

Raw materials for 
lithium-ion batteries 
are relatively plentiful
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Abundance of Elements in Earth’s Crust



Typical properties of major battery chemistries

Li-ion is superior to Alkaline and Pb acid on nearly every metric except price.

Typ
e

Chemistry
Size 
mm

Typical Values

Capacity 
Ah

% Capacity 
retained after 6 

months

Specific 
Energy 
Wh/kg

Energy 
Density 

Wh/l

Discharge 
time 

h

Retail 
Price 

$ Use

Retail 
Price, 
$/Wh

P
rim

ary

Alkaline
AA (14.5 dia x 50.5 
tall) 2.85 100% 145 410 50 0.8 Toys 0.13

Zinc-Air
Button (7.8 dia x 3.6 
tall) 0.13 100% 360 1110 300 0.5 Hearing aid 2.56

Li/MnO2 2/3 A (17 dia x 27 tall) 1.3 100% 200 315 1 5 Camera 1.28

Seco
n

d
ary

Pb acid 273 x 173 x 229 44 50% 29 52 6 68 Car 0.12

Ni/Cd AA  1 70% 40 120 0.1 2.5 Power tool 0.23

Ni/MH AA 1.7 80% (3 months) 67 220 1 2.8 Camcorder 0.56

Li-Ion
18650 (18 dia x 65 
tall) 1.8 >90% 100-250 330-750 2 2.5 Cellphone 0.27

14



https://electrek.co/2017/06/28/audi-electric-car-battery-cost/

http://insideevs.com/lg-chem-ticked-gm-disclosing-145kwh-battery-cell-pricing-video/ 15



Feb 23, 2017

Sealed Lead Acid (SLA)
• SLA is simple, dependable, robust, and inexpensive, and can be used in a wide 
range of temperature environments.
• The batteries must be stored full state-of-charge (SOC), and they don’t lend 
themselves to fast charging.
• The flip side to the charge constraints is that SLA batteries can use simple 
float or trickle chargers.
• SLA batteries are very heavy; their gravimetric energy density is very low.
• Cycle life is usually 200 to 300 cycles, but even a “deep cycle” SLA is damaged 
by repeated full discharges, causing cycle lifeto be as low as 50 cycles.
• The sloped discharge curve enables SOC measurement with simple voltage 
monitoring
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http://blog.lifespantechnology.com/it-asset-disposition-blog/bid/358505/What-are-the-issues-with-battery-recycling 20



L. Gaines / Sustainable Materials and Technologies 1–2 (2014) 2–7 3

Lead-Acid batteries are the most recycled 
consumer product.
(Courtesy of Battery Council International)
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http://www.worstpolluted.org/projects_reports/display/90

Lead-battery recycling has 
moved to Mexico
Originally published March 25, 2013 at 9:35 pm Updated 
March 25, 2013 at 11:46 pm

https://www.seattletimes.com/nation-
world/lead-battery-recycling-has-moved-to-
mexico/
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“ ss es o   ead  oisonin  and  evelopin   o nt ies”  Babajide Alo (UNIVERSITY OF LAGOS, AKOKA, LAGOS, NIGERIA)

Countries with Economies in Transition (CEITs)
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Compound wt.%

Co2O3 46.72

MnO 24.94

CuO 4.11

Li 2.67

P2O5 1.39

F 0.75

Al2O3 0.46

SO3 0.27

Fe2O3 0.25

Cr2O3 0.25

CaO 0.22

Typical metal composition of spent mixed LIBs powder (wt.%).

A. Sonoca, J. Jeswiet, V. K. Soob, Procedia CIRP 29 (2015 ) 752 – 757

A.A. Nayl, R.A. Elkhashab, Sayed M. Badawy, M.A. El-Khateeb, Arabian 
Journal of Chemistry (2017) 10, S3632–S3639

Composition/Value of Spent Lithium-Ion Batteries (LIBs)
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Compound wt.%

SiO2 0.11

NiO 0.1

Na2O 0.08

MgO 0.07

TiO2 0.04

ZrO2 0.01

Cl 0.01



A. Sonoca, J. Jeswiet, V. K. Soob, Procedia CIRP 29 (2015 ) 752 – 757

Recycling Process for Lithium-Ion: Smelter

26

Co, Ni, and Cu 
recovered.
Li, Al, Mn go to slag 
which has some 
application as 
concrete additive.



What’s next in lithium-ion for next 5 years?

➢Continued growth! Especially automotive and industrial markets.

➢Improved Safety
• Electrode coatings

• More thermally stable separators

• Composite electrolytes (Blend with solids to reduce solvent content)

➢Higher energy cells
• Higher voltage cells (LiCoO2 > 4.4 V, NMC 811, 4.4 V)

• Higher capacity cells (silicon blends with graphite)
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Lithium-ion is well poised to be dominant battery chemistry

• Industrial applications such as UPS, 
forklifts, are switching to lithium ion

• Some cars eliminating lead acid 
(Hyundai Ioniq)

• Rechargeable lithium-ion replacing 
primary cells in some toys

• Li-ion share increasing in electric bike 
market in China

Over time, lithium-ion battery costs will 
decline while regulation may drive up 
costs of lead acid and primary cells.

Increased 
production 

of Li-ion; 
decrease Pb

Lower cost of Li-
ion; higher cost of 

Pb

Li-ion 
replaces Pb

Impact of Li-ion recycling on costs?

28



Summary

• Major battery chemistries are alkaline (disposable), lead-acid and lithium-
ion (rechargeable).

• Lithium-ion chemistries offers advantages over traditional alkaline and 
lead-acid chemistries in terms of performance but have cost and safety 
issues.

• Large scale production of lithium-ion is driving down costs; markets for 
lithium-ion continue to grow.

• Total cost of ownership analysis indicates advantage for lithium-ion over 
lead acid for some applications.

• Alkaline cells typically go to landfills, while lead-acid is mostly recycled. 
Regulations on lead recycling have driven many operations out of highly 
developed countries.

• Recycling of lithium-ion still immature; will recycling reduce lithium-ion 
cost even further?
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Lithium price per metric ton





Battery Technology for
Data Centers: VRLA vs. Li-ion
by Victor Avelar
Martin Zacho
White Paper 229 (2016)
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